as final canal irrigants on the smear layer, debris and erosion scores. Fifty-eight extracted single-rooted human teeth were instrumented with ProTaper rotary files up to size F3. According to the final irrigation regimen, the samples were distributed into the following groups: EDTA, MTAD, EDTA ultrasonicated for 1 min, and MTAD ultrasonicated for 1 min. The smear layer, debris and erosion scores were recorded at the apical, middle, and coronal third of each canal using a scanning electron microscope. Data were subjected to statistical evaluation using the Kruskal-Wallis and Mann-Whitney tests (P < 0.05). There were no significant differences in smear layer or debris removal between the experimental groups. EDTA caused significantly more erosion at the middle level than MTAD. Also EDTA resulted in more erosion at the coronal level than MTAD when subjected to ultrasonication. Ultrasonic activation of EDTA significantly increased its erosive effects at the middle and coronal levels. Based on the present findings, MTAD appears to cause less dentinal erosion while allowing proper removal of the smear layer and debris.
Introduction
The main objective of root canal treatment is to clean and shape the root canal system. Studies have shown that rotary instrumentation techniques produce a smear layer that covers the dentinal tubules (1) . It remains controversial whether this layer should be removed or not (2) . The presence of a smear layer can inhibit the flow of disinfectants and medicaments into dentinal tubules and compromise the seal of a root canal filling (3) . Final canal irrigation with ethylenediaminetetraacetic acid (EDTA) and sodium hypochlorite (NaOCl) has been recommended for removal of inorganic and organic components of the smear layer (4) (5) (6) . The adverse effects of this combination on dentinal tubules and the resulting erosion of intra-radicular dentin have been reported (1, (5) (6) (7) .
BioPure MTAD has been introduced to dentistry as a final irrigant for smear layer removal (1) . MTAD has been proved to be effective in eliminating resistant microorganisms and providing sustained antimicrobial activity (8, 9) . Minimal erosion of intra-radicular dentin has been reported after final canal irrigation with MTAD (10) .
The flushing action of the irrigating solution plays an important role during the canal cleaning and shaping process (11) . Most of the dentin debris is inorganic matter and its removal relies mostly on the flushing action of the irrigant (12) , and ultrasonic agitation of irrigating solutions enhances their flushing action (13) (14) (15) (16) . The aim of the present study was to compare the in vitro effect of ultrasonication with EDTA and MTAD as the final canal irrigants on smear layer, debris and erosion scores at the coronal, middle, and apical levels of extracted human teeth.
Materials and Methods
Fifty-eight extracted mature maxillary and mandibular single-rooted non-carious human teeth with a curvature of less than 20°(17) were used for this study. Teeth with previous coronal restorations or root canal treatment were excluded. A conventional access cavity was prepared for each tooth. The working length was determined by reducing 1 mm from the length recorded when a #10 k-file (Dentsply, Maillefer, Balligues, Switzerland) was placed through the apical foramen. The specimens were instrumented with ProTaper rotary files (Dentsply) up to size F3 as Master Apical Rotary (MAR). An X-smart endodontic motor controller (Dentsply) was used to control the speed and torque for each file according to the specifications of the manufacturer. The canals were irrigated with 2 ml of 2.6% NaOCl between every instrument change by means of a 28-gauge prorinse probe syringe (Dentsply, Tulsa, USA).
The teeth were randomly distributed in 4 groups of 12. The remaining 10 teeth were distributed into positive and negative control groups each including 5 teeth. Teeth in the positive control group were instrumented in the same way as samples in the experimental groups, except that the irrigant used between each instrumentation and as the final rinse was distilled water. In this way the smear layer remained intact on the canal wall. The samples in the negative control group received no instrumentation and were rinsed with 1 ml EDTA for 1 min and then 5 ml of 2.6% NaOCl to ensure absence of the smear layer on the canal walls.
Final irrigation sequence
The final irrigation sequences were as follows: Group A, 1 ml EDTA for 1 min followed by 5 ml of 2.6% NaOCl; Group B, 1 ml MTAD (Dentsply, Tulsa, USA) for 5 min, activated by a #15K-file, then rinsed with 4 ml MTAD; Group C, 1 ml EDTA ultrasonicated by a #15 Ufile for 1 min. The ultrasonic unit used was a Varios 350 (NSK Nakanishi Inc., Kanuma, Japan) and the power adjustment on the unit was set at 3 according to the manufacturer's specification; group D, 1 ml MTAD for 5 min, ultrasonicated in the same manner as group C for the last 1 min, followed by a rinse with 4 ml MTAD. The canals were dried with a paper point (Gapadent Co., Tianjin, China) and longitudinal grooves were cut in the buccal and lingual surfaces of the roots with a diamond disc (D&Z, Berlin, Germany), taking care not to penetrate the root canals. The roots were then split into two halves with a chisel, and each half root was placed in 2.5% glutaraldehyde for 24 h. The fixed specimens were rinsed with phosphate buffer solution (0.1 M, pH 7.2) three times, incubated in osmium tetroxide for 2 h, dehydrated with ascending concentrations of ethyl alcohol (50-100%), and placed in a desiccator for 24-48 h. The specimens were mounted on an aluminum stub and coated with gold-palladium to a thickness of 550 Å using a SCD 005 sputter coater (Bal-TEC, Pfȧffikon, Switzerland). Specimens were then examined using a scanning electron microscope (Leo440h, Oxford, UK) at a magnification of ×1,000 at the apical, middle, and coronal thirds of each canal. In a blind manner, three investigators scored the SEM photographs separately. Before the proper scoring, all of the examiners assessed the first 20 specimens together for calibration purposes. Separate evaluations were recorded for the smear layer and debris according to the following schemes (18) 
Results
Kappa test for the first 20 samples showed high intraand inter-examiner agreement values (0.8 and above).
The mean ranks for the smear layer, debris and erosion in each group are presented in Figs. 1, 2 and 3, respectively. A comparison of the smear layer covering dentinal surfaces at the apical, middle and coronal levels showed no significant differences between the experimental groups. The difference between the positive control group and the experimental groups was significant (P = 0.001).
The positive control group showed a statistically significant difference in the amount of debris remaining at all three levels of the canals in comparison to the experimental groups (P = 0.001). There were no significant differences among the experimental groups in this regard.
There was significantly more erosion at the coronal and middle levels than at the apical level (Mann-Whitney Utest; P < 0.01).
EDTA caused significantly more erosion at the middle level than MTAD (P = 0.01). Also, EDTA resulted in more erosion at the coronal level than MTAD when subjected to ultrasonication (P = 0.04). Ultrasonication with EDTA significantly increased the erosive effects at the middle and coronal levels (P = 0.04, P = 0.003, respectively). Representative SEM micrographs are shown in Fig 4. 
Discussion
This study was conducted to evaluate the effect of ultrasonic agitation of EDTA and MTAD on the removal of smear layer and debris, and also to determine the amount of erosion in dentinal tubules.
A recent review on the smear layer by Violich and Chandler (19) indicated that removal of the smear layer results in more thorough disinfection of the root canal system and better adaptation of filling materials to the canal walls. Various chemicals and ultrasonication have been mentioned as methods for removing this layer.
Two methods of flushing can be used during passive ultrasonic irrigation: continuous flushing of irrigant from the ultrasonic handpiece or an intermittent flush method using syringe delivery (20) . A size 15 file with a fixed oscillation frequency of 30 kHz was utilized for passive ultrasonic irrigation, as recommended by van der Sluis et al. (15) .
Injecting the irrigant by syringe can control both the volume and depth of syringe penetration and the resulting flow of irrigant to the apical region of the canal system (15) . On this basis, all irrigations were done using 28-gauge In groups A and B the smear layer was removed and the peritubular and intertubular surface dentin appeared smooth. In group C, erosion of the peritubular and inter-tubular surface dentin was observed. Less erosion was observed in group D.
In group E (positive control group) a typical amorphous smear layer on the canal walls, and no dentinal tubule openings were observed. Clean walls were observed in group F (negative control group).
syringes, as recommended in previous studies (13, 21) . To mimic clinical conditions, all preparations and irrigations were done through conventional access cavities. The protocols used for each irrigant were based on previous studies (21) (22) (23) .
The taper and diameter of the root canal influence the efficacy of passive ultrasonic irrigation for dentine debris removal (15) . In separate studies, Lee et al. (24) and van der Sluis et al. (12) showed that increasing the canal size and taper from size 20, taper 0.04 to size 20, taper 0.08 and 0.10 resulted in more dentin debris removal by passive ultrasonic irrigation. Torabinejad et al. (1) discovered that enlarging canals up to a size 30 file allowed adequate penetration of irrigants to the apical third of the root canal. On the basis of those studies, all canals were enlarged up to size F3 Protaper, with a tip size equal to 30, taper 0.09, in the present study. We found that agitation of MTAD or EDTA resulted in better removal of the smear layer and debris, although the difference was not statistically significant. This was probably due to adequate penetration of the solution into the apical portion of the canal during irrigation. van der Sluis et al. (12) found ultrasonication to be more effective for removal of artificially placed dentin debris, although not to a significant degree. This finding was in agreement with the present results. It should also be mentioned that the sample size in this study was similar to those in previous research (1, 3, 10) .
Tay et al. (21) reported that EDTA and MTAD had equal capacities for removal of the smear layer and debris when used as the final rinse. In a recent study by Mancini et al. (25) , MTAD did not completely remove the smear layer at the apical third, and the authors were not able to evaluate the degree of dentinal erosion. They used only 1 ml of MTAD followed by 3 ml of 5.25% NaOCl, which was less than that recommended by the manufacturer and employed in our study. Also, the smaller taper of the final canal enlargement in that study (Gt#30/.04) might have influenced the flow of irrigant into the canal.
Saghiri et al. (26) found negligible dentin erosion following application of MTAD in comparison to EDTA. In the present study, dentinal erosion was significantly higher at the middle and coronal levels within the EDTA group, in accordance with previous studies (1, 10, 26) . In a study by Torabinejad et al. (1) , more abundant and larger dentinal tubules were found in the coronal third of root canals than in the middle and apical thirds. The fact that 17% EDTA dissolves the mineral content of dentin (27) and there is free oscillation of the ultrasonic file in the coronal third, which contains large dentinal tubules, may explain the higher dentinal erosion in this region. Although some studies have used a grid to evaluate removal of the smear layer and debris (14, 28) , the numerical evaluation scale used in the present study has been proved to be acceptable in previous work (1, 3, 10, 18, 25) .
Based on the findings of the present study, MTAD used in accordance with the manufacturer's protocol appears to induce less dentinal erosion with proper removal of the smear layer and debris in wide canals. Passive ultrasonic agitation of EDTA increases dentin erosion and does not seem to be needed in large canals.
